The interaction of benzoate-type ultraviolet absorbers (UVA) with hindered amine light stabilizers (HALS) was investigated. Benzoate-type UVA showed antagonism or synergism with HALS, depending on the chemical structures of the UVA. p-Aminobenzoates exhibited antagonism with HALS to accelerate the photo-oxidation, despite absorbing UV rays with considerably high absorption coefficients. In contrast, p-hydroxybenzoates showed synergistic photo-antioxidant activity with HALS, despite no or little absorption of ultraviolet rays. The synergism has been ascribed to conversion into benzophenone-type UVA by a photo-Fries rearrangement. This mechanism can explain the photo-antioxidant ability of substituted phenyl p-hydroxybenzoates, but not that of alkyl p-hydroxybenzoates not undergoing the photo-Fries rearrangement. This study proposes a new and comprehensive synergism in which the photo-antioxidant activity of p-hydroxybenzoate is due to the formation of a UV-absorbing intermediate and a photo-antioxidant compound with a catechol structure from the reaction of the benzoate with HALS nitrosonium.
Introduction
The resulting product, with a similar structure to benzophenone-type UVA, contributes to photo-stabilization. Ultra-violet absorbers (UVA) and hindered amine This mechanism seems plausible, but does not explain light stabilizers (HALS) are often used together for the the synergism of octadecyl 3,5-di-t-butyl-4-hydroxyphoto-stabilization of polymeric materials. Generally, benzoate, for which no photo-Fries rearrangement is such a combination exhibits synergism, although the feasible, nor the involvement of HALS in the synermechanism remains unclear. One common view of the gism. The manufacturer of this type of a benzoate has synergistic mechanism is that the HALS show synergispromoted such synergism, but the mechanism remains tic and/or antagonistic actions with UVA incorporating unknown. intramolecular hydrogen bonding, but the overall interThis study investigated the interaction of benzoateaction is synergistic 1), 2) . This synergistic action is based type UVA with HALS and propose a new comprehenon the reduction of a UVA quinoid compound, incidensive synergistic mechanism of both additives, especially, tally produced from the peroxy radical trapping action including the participation of HALS. of UVA, by the HALS, especially HALS NOH, resulting in the regeneration of a new UVA. In contrast, the antag-2. Experimental onistic action is based on accelerating the formation of HALS nitrosonium, which causes useless oxidation of 2. 1. Reagents UVA.
2. 1. 1. Benzoate-type UVA Other types of UVA contain no intramolecular hydro-
The benzoate-type UVA, 2,4-di-t-butylphenyl 3,5-gen bonding, such as benzoate-type UVA. Substituted di-t-butyl-4-hydroxybenzoate (UVA-1), hexadecyl phenyl p-hydroxybenzoates are known to show syner-3,5-di-t-butyl-4-hydroxybenzoate (UVA-2), ethyl pgism rather than antagonism with HALS, despite slight aminobenzoate (UVA-5), and 2-ethylhexyl p-N,N-diabsorption of natural UV rays. For example, 2-tmethylaminobenzoate (UVA-6) were commercial prodbutylphenyl 3,5-di-t-butyl-4-hydroxybenzoate absorbs ucts. Hexadecyl 3-t-butyl-4-hydroxybenzoate (UVA-3), the UV rays to undergo a photo-Fries rearrangement 3) . hexadecyl 4-hydroxybenzoate (UVA-4), and ethyl 3,5-di-t-butyl-4-hydroxybenzoate (UVA-7) were syn-＊ To whom correspondence should be addressed.
thesized as follows.
＊ E-mail: ohkatsu@cc.kogakuin.ac.jp 2. 1. 1. 1. Synthesis of UVA-3 Oxalyl chloride (1.27 g, 0.01 mol) was dissolved in ethyl ether (10 ml), 3-t-butyl-4-hydroxybenzoic acid (1.95 g, 0.01 mol) was added, and the resulting mixture was stirred for 3 h at room temperature. The reaction solution was cooled at 0℃, n-hexadecanol (2.43 g, 0.01 mol) and pyridine (0.8 g, 0.01 mol) were added, and the mixture was stirred overnight. Then the solvent was removed by evaporation, and the residue was purified by a column chromatography (eluent: methylene chloride). White fluffy crystals were obtained. 
1. HALS and Derivatives
Bis (2,2,6,6-tetramethyl-4-piperidinyl) sebacate (ADK stab LA-77, ADEKA Corp.) designated as the HALS in this study was refined by a general method. In addition, 4-acetoxy-2,2,6,6-tetramethylpiperidine (Ac-HALS) was synthesized according to the procedure described previously 4) . HALS nitrosonium was synthesized as described previously 5) .
1. 3. Other Reagents
Cumene hydroperoxide (CHP) (Nacalai Tesque, Inc.) was used as hydroperoxide. Chlorobenzene (GODO Solvents. Co.) as solvent was refined by a general method. Styrene was distilled in vacuo just before use. Azo-bis-isobutyronitrile (AIBN) was used as initiator.
Procedures 1. Decomposition of Cumene Hydroperoxide
(CHP) The reaction solution was prepared by dissolving HALS, CHP, and UVA in predetermined amounts in chlorobenzene free from oxygen (total amount: 100 ml or 50 ml), and reacted with stirring in an oil bath at 120℃ under diffused light and nitrogen atmosphere. The reaction was monitored by sampling an aliquot of the reaction solution every several hours, and analyzing it by an iodine titration method: carbon dioxide was bubbled into 10％ acetic acid-isopropyl alcohol solution (5 ml) for 2 min to purge the dissolved oxygen. Saturated potassium solution (0.5 ml) and the sample (1 ml) were added. This mixture was stirred at 95℃ in an oil bath under carbon dioxide atmosphere to liberate iodine, which was titrated with N/1000 sodium thiosulfate. The products were analyzed by a gas chromatography (GC) [Shimazu GC-17A or GC-14B with FID, and column 400-1HT (Quadrex Corp.)], and a GC-mass spectrometry (GC-MS) [Shimazu QP5050A with the same column].
Measurement of Photo-antioxidant Ability
The photo-oxidation reaction of styrene in the presence of UVA and/or HALS was performed in chlorobenzene under oxygen atmosphere and UV irradiation from a high pressure mercury lamp (500 W, made by Ushio Inc.). Ultraviolet irradiation under 290 nm was cut using a UV-cut filter (UV-29 manufactured by AGC Techno Glass Co., Ltd.). The oxidation reaction was monitored by measuring the amount of oxygen consumed with a pressure transducer. The oxidation of ethyl linoleate in the presence of dihydric phenol was performed in benzonitrile in order to make the reaction system homogeneous: two substrates, styrene and ethyl linoleate, were selected because of their convenient characteristics for kinetically studying antioxidants. The antioxidant ability was estimated as the ratio (％) of initial oxidation rates obtained in the presence and the absence of additive(s): 0％ represents the complete oxidation inhibition, and 100％ shows no inhibition.
3. Reaction of HALS Nitrosonium with Ethyl 2,6-Di-t-butyl-4-hydroxybenzoate (UVA-7) HALS nitrosonium (5.0×10
-4 mol/l) was reacted with UVA-7 (5×10 -3 mol/l) in the presence of CHP (1 × 10 -2 mol/l) in chlorobenzene under nitrogen atmosphere at 120℃. The CHP was used to make the reaction system resemble the system expected to form under practical conditions. The products from UVA-7 were analyzed and identified by the same GC-MS method as described in 2. 2. 1. 
Results and Discussion

1. Effect of Benzoate-type UVA on HALS in CHP Decomposition
The decomposition of hydroperoxide by HALS is very useful for observing the synergistic or antagonistic interaction of UVA with HALS, because the hydroperoxide decomposition proceeds through a hemolytic process involving an intermediate active species, HALS nitrosonium, and increased decomposition suggests antagonism of UVA with HALS. A proton donor such as a phenol forms the HALS ammonium salt, which is promptly oxidized to HALS nitrosonium by a hydroperoxide 6) . Therefore, the weak proton donors p-aminoand p-hydroxybenzoate UVA do not show such an antagonistic effect. 2-Ethylhexyl p-dimethylaminobenzoate (UVA-6), for example, can function as light stabilizer as follows:
p-Hydroxybenzoates are also weak proton donors due to the presence of a strong electron-withdrawing substituent ( _ COO _ ) on the p-position. Figure 1 shows the results of CHP decomposition reactions by HALS in the presence of benzoate-type UVA. Interestingly, p-aminobenzoates, namely UVA-5 and UVA-6, showed remarkable antagonisms with HALS, as recognized by comparing their CHP decomposition curves with the curve of only HALS. These p-aminobenzoates do not decompose CHP at all in the absence of HALS, but enhanced the CHP decomposition ability of HALS significantly, that is, accelerated the formation of HALS nitrosonium. This phenomenon may seem strange, based on the absence of the proton-donation of the UVA. However, this finding may be explained by the following scheme, al-97 though no precise evidence can be provided:
The intermediate containing the =N -group is formed by electron transfer between HALS and p-aminobenzoate and is stabilized electronically by the _ R effect of the carbonyloxy group. In addition, the electron transfer reaction may be supported by the high oxidation potentials of p-aminobenzoate and p-dimethylaminobenzoate, 1.20 V and 1.09 V (vs. SCE), respectively, which are sufficient to oxidize HALS (oxidation potential: 0.90 V under the same conditions). The resulting HALS ammonium salt is converted into HALS nitrosonium with decomposition of hydroperoxide 4) . Consequently, such antagonism will be observed.
In contrast, p-hydroxybenzoates (UVA 1-4) did not show significant antagonism with HALS, but rather decreased the CHP decomposition ability of HALS (Fig. 1) . That is, UVA-4 slightly promoted whereas UVA 1-3 strongly inhibited hydroperoxide decomposition by HALS. These results may be explained by the idea that p-hydroxybenzoate UVA acts as a very weak proton donor to promote the formation of HALS nitrosonium, in the presence of phenolic hydrogen, but the resulting nitrosonium will become harmless by a reaction with the UVA. The presence of t-butyl group(s) at the o-position to the hydroxyl group of UVA cumulatively decreased CHP decomposition.
2. Photo-antioxidant Effect of Benzoate-type
UVA Measurement of the photo-antioxidant action is one of the most effective methods to observe the action of UVA. Figure 2 illustrates the interaction of 2-ethylhexyl p-dimethylaminobenzoate (UVA-6) with HALS in photo-oxidation. In general, the area above the dotted line on the figure suggests antagonism between HALS and UVA, and the area under the dotted line indicates synergism. Thus, UVA-6 also shows antagonism with HALS in photo-oxidation, although this commercialized UVA is often used in cosmetics. UVA-6 shows a photo-antioxidant action if used alone, probably due to its high absorption coefficient (see , Table 1 ). UVA-5 also showed similar antagonism. That is, p-aminobenzoates cannot control photo-oxidation in the presence of HALS, but rather accelerate the oxidation. Therefore, during photo-oxidation, HALS nitrosonium may be formed to accelerate the oxidation by homolytic decomposition of hydroperoxides. We concluded that p-aminobenzoates show antagonism with HALS in both CHP decomposition and photo-oxidation. Figures 3 and 4 show the results of photo-oxidations in the presence of p-hydroxybenzoates and HALS. UVA-1 is generally accepted to conver into benzophenone-type UVA by a photo-Fries rearrangement as shown below:
In contrast, UVA-2 does not undergo such a rearrangement. Figure 5 shows the UV absorption spectra of benzoates used in this study. Only UVA-1 slightly absorbs ultraviolet rays higher than 290 nm, whereas UVA-2-4 do not. Therefore, these UVA only slightly inhibit photo-oxidation as illustrated in antioxidant action under UV irradiation ＞ 290 nm, but not under UV irradiation＞ 320 nm. This phenomenon seems to be completely different from that observed for other octadecyl 4-hydroxybenzoate with t-butyl group(s). We did not investigate the reason further, but these t-butyl-substituted 4-hydroxybenzoates may also make use of UV rays of such longer wavelengths in the photo-antioxidant action.
Synergistic Mechanism of p-Hydroxybenzoate
with HALS HALS nitrosonium is formed during the CHP decomposition reaction and also photo-oxidation in the presence of a mixture of HALS and benzoate-type UVA. Analysis of the products formed by the reaction of HALS nitrosonium with benzoate-type UVA is a simple way to investigate this interaction. In this study, such a method was tried using UVA-7 in place of UVA-2, because the former gives products which can be analyzed by GC-MS. Figure 6 shows the reaction between HALS nitrosonium and UVA-7 in the presence of CHP. HALS nitrosonium decomposed CHP catalytically and also reacted with UVA-7 at the same time to form products derived from UVA-7. Although all products observed by gas chromatography of the reaction mixture could not be identified, one of the main products derived from UVA-7 was This product only accounts for part of the converted UVA-7, but provides important information on the interaction between p-hydroxybenzoates and HALS. Interestingly, a new product was formed in a small quantity with decreasing product A, if the reaction mixture was irradiated with UV rays for a short time. This product was identified as Products A and B were also found in the mixture produced by the photo-oxidation of styrene in the presence of HALS and a p-hydroxybenzoate. These products and experimental observations suggest a synergistic mechanism of benzoates with HALS as shown in Scheme 1. HALS nitrosonium first removes two electrons from UVA-7 to form 2,6-di-t-butyl-4-ethoxycarbonylphenyl-oxonium ion. Resonance stabi-Scheme 1 Interaction of Ethyl 2,6-Di-t-butylbenzoate with HALS Nitrosonium lizes the positive charge at the o-position, because the-I effect of the t-butyl group at the o-position stabilizes the cation. This cation reacts with a hydroxyl anion, probably coming from the decomposition of CHP, to give product A. The enone structure of product A absorbs UV rays, and the excited carbonyl oxygen abstracts hydrogen from the t-butyl at the same time to form butene, resulting in the generation of product B. This mechanism can explain the maximum synergism action appearing in a HALS-rich mixture with a benzoate as shown in Fig. 3 . The formation of the compound with a catechol moiety is very interesting, because catechol has photoantioxidant activity. Table 2 illustrates the antioxidant abilities of catechol and resorcinol. Catechol shows much higher antioxidant ability than resorcinol. In addition, catechol can also inhibit photo-oxidation, although resorcinol cannot. This property must be present in a compound like product B.
Conclusion
The interaction of HALS with benzoate-type UVA was studied. p-Aminobenzoates showed antagonism with HALS, whereas p-hydroxybenzoates, especially if containing t-butyl group(s), showed synergism with HALS. This may be explained as follows:
(1) p-Hydroxybenzoates react with HALS nitrosonium, and prevent the nitrosonium from accelerating the oxidation by hemolytic decomposition of hydroperoxides. This reaction is not concerned directly with photostabilization, but less oxidation results in less useless consumption of UVA. (2) p-Hdroxybenzoates convert to compounds with catechol moiety with photo-antioxidant activity in the reaction with HALS nitrosonium. That is, p-hydroxybenzoates undergo two electron oxidation by HALS nitrosonium to form a type of quinone species like product A which absorbs UV rays. This intermediate further undergoes some reactions to finally form a stable and strong antioxidant and photo-antioxidant compound with a catechol moiety.
These mechanisms can explain the essential synergism of o-hydroxybenzoate-type UVA with HALS.
